CXCR1 is one of two high-affinity receptors for the CXC chemokine interleukin-8 (IL-8), a major mediator of immune and inflammatory responses implicated in many disorders, including tumour growth 1-3 . IL-8, released in response to inflammatory stimuli, binds to the extracellular side of CXCR1. The ligand-activated intracellular signalling pathways result in neutrophil migration to the site of inflammation 2 . CXCR1 is a class A, rhodopsin-like G-protein-coupled receptor (GPCR), the largest class of integral membrane proteins responsible for cellular signal transduction and targeted as drug receptors 4-7 . Despite its importance, the molecular mechanism of CXCR1 signal transduction is poorly understood owing to the limited structural information available. Recent structural determination of GPCRs has advanced by modifying the receptors with stabilizing mutations, insertion of the protein T4 lysozyme and truncations of their amino acid sequences 8 , as well as addition of stabilizing antibodies and small molecules 9 that facilitate crystallization in cubic phase monoolein mixtures 10 . The intracellular loops of GPCRs are crucial for G-protein interactions 11 , and activation of CXCR1 involves both amino-terminal residues and extracellular loops 2,12,13 . Our previous nuclear magnetic resonance studies indicate that IL-8 binding to the N-terminal residues is mediated by the membrane, underscoring the importance of the phospholipid bilayer for physiological activity 14 . Here we report the three-dimensional structure of human CXCR1 determined by NMR spectroscopy. The receptor is in liquid crystalline phospholipid bilayers, without modification of its amino acid sequence and under physiological conditions. Features important for intracellular G-protein activation and signal transduction are revealed. The structure of human CXCR1 in a lipid bilayer should help to facilitate the discovery of new compounds that interact with GPCRs and combat diseases such as breast cancer.
CXCR1 is one of two high-affinity receptors for the CXC chemokine interleukin-8 (IL-8), a major mediator of immune and inflammatory responses implicated in many disorders, including tumour growth [1] [2] [3] . IL-8, released in response to inflammatory stimuli, binds to the extracellular side of CXCR1. The ligand-activated intracellular signalling pathways result in neutrophil migration to the site of inflammation 2 . CXCR1 is a class A, rhodopsin-like G-protein-coupled receptor (GPCR), the largest class of integral membrane proteins responsible for cellular signal transduction and targeted as drug receptors [4] [5] [6] [7] . Despite its importance, the molecular mechanism of CXCR1 signal transduction is poorly understood owing to the limited structural information available. Recent structural determination of GPCRs has advanced by modifying the receptors with stabilizing mutations, insertion of the protein T4 lysozyme and truncations of their amino acid sequences 8 , as well as addition of stabilizing antibodies and small molecules 9 that facilitate crystallization in cubic phase monoolein mixtures 10 . The intracellular loops of GPCRs are crucial for G-protein interactions 11 , and activation of CXCR1 involves both amino-terminal residues and extracellular loops 2, 12, 13 . Our previous nuclear magnetic resonance studies indicate that IL-8 binding to the N-terminal residues is mediated by the membrane, underscoring the importance of the phospholipid bilayer for physiological activity 14 . Here we report the three-dimensional structure of human CXCR1 determined by NMR spectroscopy. The receptor is in liquid crystalline phospholipid bilayers, without modification of its amino acid sequence and under physiological conditions. Features important for intracellular G-protein activation and signal transduction are revealed. The structure of human CXCR1 in a lipid bilayer should help to facilitate the discovery of new compounds that interact with GPCRs and combat diseases such as breast cancer.
To examine the structure and function of CXCR1 in its natural environment, we reconstituted the full-length, active receptor in phospholipid bilayers (proteoliposomes). The NMR method we developed, rotationally aligned (RA) solid-state NMR 15 , is specifically tailored for the unique properties of membrane proteins in liquid crystalline phospholipid bilayers. It combines features of magic angle spinning (MAS) 16 and oriented-sample (OS) 17 solid-state NMR to resolve and assign resonances associated with each amino acid residue, measure site-specific orientation restraints relative to the bilayer, and calculate the three-dimensional structure of the protein and its integral membrane orientation. RA solid-state NMR differs from previously used OS methods because it relies on the inherent rotational diffusion of membrane proteins in phospholipid bilayers 18 to provide orientationdependent motional averaging of dipolar coupling (DC) powder patterns relative to the bilayer normal, rather than the orientationdependent frequencies of single-line resonances observed in OS NMR of stationary, uniaxially aligned samples. Furthermore, the method takes advantage of recent bioinformatics developments that facilitate molecular fragment replacement approaches to structure determination, including membrane proteins [19] [20] [21] .
CXCR1 was uniformly 13 C/ 15 N-labelled by expression in Escherichia coli, then purified, refolded in 1,2-dimyristoyl-sn-glycero-3phosphatidylcholine (DMPC) proteoliposomes 22, 23 , and placed as a concentrated suspension in an MAS rotor. Refolded CXCR1 binds IL-8 with high affinity (dissociation constant (K d ) < 1-5 nM) and couples to its G protein, G i/o (half-maximum effective concentration (EC 50 ) 5 1 nM) 22 , indicating that the NMR sample conditions are compatible with physiological activity ( Supplementary Fig. 1 ).
As expected, the two-dimensional 13 C/ 13 C correlation spectrum of this 350-residue protein is quite crowded ( Supplementary Fig. 2 ). However, expansion of the 13 Ca resonance region has sufficient resolution to contribute to the assignment process ( Supplementary Fig.  2d ). Spectra, obtained from a uniformly 13 C-labelled sample with a shorter mixing time and from a sample labelled using 2-13 C-glycerol, have fewer signals and improved resolution. Regardless, the vast majority of data used to resolve, assign and measure isotropic chemical shift frequencies from N, Ca, CO and Cb sites were obtained from 13 Cdetected three-dimensional, triple-resonance experiments ( Fig. 1b , Supplementary Figs 3 and 4 and Supplementary Table 2 ). Overall, 97% of the backbone resonances for residues 20 to 325 were assigned. The missing resonances are from seven Pro residues (Pro 22, Pro 93, Pro 170, Pro 180, Pro 185, Pro 214 and Pro 257) and one Arg residue (Arg 285). None of the 15 N and 13 C signals from the mobile amino and carboxy termini (residues 1-19 and 326-350) could be detected in the spectra, consistent with our observation of these signals in solid-state NMR experiments designed to detect only signals from mobile sites ( Supplementary Fig. 6 ), as well as our previous analysis of local and global motions of CXCR1 (ref. 24 ).
Three-dimensional 13 C-detected separated local field (SLF) experiments 15 were used to measure the 1 H-15 N DC and 1 H- 13 Ca DC frequencies that provide orientation restraints for structure determination ( Fig. 1c, d and Supplementary Fig. 5 ). The protein backbone structure was calculated by a molecular fragment replacement approach. An initial structural model was generated from a set of molecular fragments generated with CS-Rosetta 20 from the experimental chemical shifts, the amino acid sequence of CXCR1, and the helical framework of the prototypical class A GPCR bovine rhodopsin 25 . This initial model was first refined with the experimental restraints using the all atom 19 and the implicit membrane 21 potentials of Rosetta. Finally, the resulting structural model was refined by restrained simulated annealing using Xplor-NIH 26 .
The three-dimensional structure of CXCR1 ( Fig. 1e ) has the consensus fold of a GPCR, with seven transmembrane helices (TM1-TM7) connected by three extracellular loops (ECL1-ECL3) and three intracellular loops (ICL1-ICL3). The average backbone pairwise root mean squared deviation (r.m.s.d.) is 1.7 Å ( Supplementary Table 1 ), and the experimentally measured 1 H- 15 ( Fig. 1g and Supplementary Fig. 7) . Notably, the correlations improve markedly after refinement of the initial structural model with the experimental data, demonstrating that the NMR structure of CXCR1 is determined by the experimentally measured backbone orientation restraints and dihedral angles. We anticipate that both structural accuracy and precision will improve with inclusion of side chain restraints and, where feasible, distance restraints.
DC values contain information about molecular orientation as well as dynamics, and scaling of their values by local internal motions would compromise their analysis in terms of pure orientation restraints. For CXCR1, analysis of the DC data yielded similar values of the magnitude and symmetry of the molecular order tensor for residues in the helices and loops, indicating that these regions of the protein experience a similar degree of order in the lipid bilayer. This is supported by the excellent fit of the DC correlation plots obtained with a single value of the order tensor ( Fig. 1g and Supplementary Fig. 7b ) and by the observation that more than 20% of the 1 H-15 N DC signals from residues distributed throughout the protein sequence, including in loop sites, fall within 10% of the maximum value (21 kHz) expected for a static crystalline sample ( Fig. 1d ).
Following the structure determination of rhodopsin from three-and two-dimensional crystals 25, 27 , the structures of several class A ligandactivated GPCRs have recently been determined by X-ray crystallography 6, 7 . CXCR1 is now the first, to our knowledge, GPCR with its structure determined in liquid crystalline phospholipid bilayers, and the first ligand-activated GPCR with its structure determined without modification of its amino acid sequence (Fig. 2 ). The structure of CXCR1 shares significant similarities with that of CXCR4 (ref. 28), the only other chemokine receptor of which the structure has been determined ( Supplementary Fig. 8 ). However, there are some notable differences reflecting the modifications made to the sequence of CXCR4 required for crystallization (insertion of T4 lysozyme in ICL3, removal of 33 C-terminal residues and Leu125Trp mutation), the amino acid sequence differences between the two proteins, the influence of the planar phospholipid bilayer, or the rotational diffusion of the protein.
The CXCR1 helices are well defined by the spectroscopic data. For example, a plot of the measured values of the amide 1 H-15 N DC versus residue number yields a characteristic wave-like pattern 29 reflecting helical structure ( Fig. 1d) , with breaks in the waves corresponding to 
RESEARCH LETTER
helix termini or kinks. For example, the DC data show the presence of a kink that changes the direction of helix TM2 (residues 74-101) at Phe 88, coinciding with a kink at the same location in CXCR4 (Fig. 3 ). The extracellular start of TM7, just after ECL3, is tilted towards the central axis of the receptor in CXCR1, although it is less well defined in CXCR1 than in CXCR4, in which residues in the N terminus of TM7 interact with the added compound IT1t (ref. 28). Helix TM7 is also about one turn longer at the intracellular end than its counterpart in CXCR4, extending to Ile 308, three residues beyond the conserved GPCR sequence Asn-Pro-X-X-Tyr (in which X denotes any amino acid). Furthermore, residues immediately preceding the mobile C terminus of CXCR1 form a well-defined helix (H8; residues Gln 310 to Ala 321) that is absent in the structure of CXCR4 (Figs 2 and 3 and Supplementary Fig. 8 ). H8 has a distinctly amphipathic amino acid sequence and aligns along the membrane surface, indicating that the phospholipid bilayer may have a role in stabilizing its conformation.
The NMR data further show the presence of two disulphide bonds ( Fig. 2b and Supplementary Fig. 9 ) that are also present in CXCR4, one connecting the N terminus to the extracellular start of TM7 (Cys 30-Cys 277) and the other connecting the extracellular end of TM3 to ECL2 (Cys 110-Cys 187). These Cys pairs are highly conserved in the sequences of chemokine receptors and are important for ligand binding. Together, they have an important role in shaping the extracellular structure of the receptor, and also provide useful restraints for structure determination. The long ECL2 of CXCR1 forms a b-hairpin, the structure of which is constrained by the Cys 110-Cys 187 disulphide bond. A similar structure is observed in CXCR4 and many other GPCRs, despite a lack of amino acid sequence similarity in this region. TM2   TM1   TM4   TM5   TM6  H8   C30-C277   C110-C187   ECL1   ECL3   ECL2   90°180°I   ntracellular   Extracellular   ICL3   ICL2   ICL1  TM2   TM1   TM4   TM5   TM7   TM3   TM6   Intracellular  Extracellular   n   N   TM2 TM2   TM1 TM1   TM4 TM4   TM3 TM3   TM5 TM5   TM6 TM6   TM7 TM7   H8 H8   N   TM2   TM1   TM4   TM3   TM5   TM6   TM7   H8   TM7  TM7   TM3 TM3   TM7   TM3   H8 H8 H8 
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However, the ECL2 b-hairpin of CXCR1 is less well defined than that of CXCR4, consistent with the presence of two Pro residues in CXCR1.
In both CXCR1 and CXCR4, charged residues are mainly located near the membrane-water interface ( Supplementary Fig. 10) , with negative charges clustered in the extracellular loops, where they can play a part in ligand binding and receptor activation. In addition, four charged residues, contributed by helices TM2 (Asp 85), TM3 (Lys 117) and TM7 (Asp 288 and Glu 291), form a polar cluster in the core of the helical bundle of CXCR1 that may have important consequences for ligand binding and receptor signal transduction. One of these residues (Asp 288) is not conserved in CXCR4 and may contribute to the differences in biological activities of the two chemokine receptors.
The intracellular loops of GPCRs are crucial for G-protein interactions 11 . Modification of ICL3 by insertion of T4 lysozyme between TM5 and TM6, rendered CXCR4 incapable of activating G proteins 28 . By contrast, unmodified CXCR1 is fully active with respect to both G-protein activation and chemokine binding, and its three intracellular loops are structurally well defined (Figs 2 and 3 and Supplementary  Fig. 8 ). Notably, ICL3, which is important for CXCR1 coupling to G proteins and is involved in calcium mobilization, chemokinemediated migration and cell adhesion, extends from Thr 228 to Gln 236, connecting helices TM5 and TM6, both of which are one turn shorter than the corresponding helices in CXCR4. ICL3 protrudes into the cytoplasm where it is available for G-protein binding. The sequence of ICL3 shares significant homology with other GPCRs; therefore, the ability to observe the structure of an intact GPCR provides an opportunity to propose structure-based mechanisms of G-protein binding and activation.
CXCR1 has been the subject of significant molecular modelling efforts aimed at understanding its interactions with small molecule inhibitors, including compounds active in reducing breast cancer metastasis 30 . The structure of CXCR1 determined in a lipid bilayer membrane should facilitate these studies. The solid-state NMR approach used for structure determination has several significant advantages. The protein resides in fully hydrated liquid crystalline phospholipid bilayers at physiological conditions of temperature and pH, and no detergents or non-native lipid phases are present. The protein sequence is unmodified, with no truncations, mutations or insertions of foreign proteins. The phospholipid composition can be varied, and other components, such as cholesterol, can be added. Other proteins or small molecules, including chemokines, G proteins, nanobodies and drugs can be added directly to the samples, enabling detection of any structural changes by direct spectroscopic and structural comparisons. NMR is adept at describing both overall and local protein dynamics. Measurements of DC values and isotropic chemical shifts to provide molecular orientation and dihedral angle restraints, combined with refinement in a membrane environment, facilitate structure determination by molecular fragment replacement. These can be supplemented with orientation restraints derived from rotationally averaged chemical shift anisotropy powder patterns to improve structural accuracy and precision further. Thus, we anticipate that this method will enable structure determination and structureactivity studies of other GPCRs, as well as a wide range of other membrane proteins under near-native conditions.
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The native sequence of human CXCR1 (residues 1-350) was expressed in E. coli, using M9 minimal media containing 15 N-labelled ammonium sulphate and 13 C 6glucose or 2-13 C-glycerol (Cambridge Isotope Laboratories), then purified by chromatography, refolded in DMPC proteoliposomes by detergent dialysis, and assayed for IL-8 ligand binding and G-protein activation 22, 23 . Samples for NMR studies consisted of reconstituted CXCR1 proteoliposomes suspended in buffer, concentrated by ultracentrifugation and packed into an MAS rotor. An NMR sample contained 2.5 mg of CXCR1 and 12.5 mg of DMPC (1:300 protein:lipid molar ratio) in a 36-ml volume.
NMR experiments for resonance assignments and the measurements of structural restraints ( Supplementary Table 2 ) were performed at 25 6 1 uC on a 750 MHz Bruker Avance spectrometer equipped with a Bruker low-E 1 H/ 13 C/ 15 N tripleresonance 3.2-mm MAS probe. The rotor spinning rate was controlled to 11.111 6 0.002 kHz. Orientation restraints were derived from measurements of 1 H-15 N and 1 H- 13 Ca DC. Backbone dihedral angles were derived from measurements of isotropic chemical shifts.
Structure calculations were performed in three stages. First, a database of short molecular fragments was generated from the sequence of CXCR1 and the assigned isotropic chemical shifts using CS-Rosetta 20 . Second, the fragments were used to generate and refine 1,000 structural models using the implicit membrane potential of Rosetta 19, 21 with the experimental restraints and the structure of rhodopsin (PDB accession 1F88) 25 as topology template. Convergence of the Rosetta calculations is shown in Supplementary Fig. 11 . Third, the lowest energy structure was selected for further refinement against all experimental restraints, using simulated annealing in Xplor-NIH 26 . A total of 100 structures was calculated and the 10 lowest energy structures were accepted for the structural ensemble. NMR and structure refinement statistics are provided in Supplementary Table 1. 27. Krebs, A., Edwards, P. C., Villa, C., Li, J. & Schertler, G. F. The three-dimensional structure of bovine rhodopsin determined by electron cryomicroscopy. Supplementary Information is available in the online version of the paper.
METHODS
Sample preparation. Full-length human CXCR1 (residues 1-350) was expressed with an N-terminal glutathione S-transferase (GST) partner and a C-terminal His 6 tag in E. coli BL21 cells. Isotopically labelled samples were obtained by growing bacteria in M9 media containing 15 N-labelled ammonium sulphate and 13 C 6glucose or 2-13 C-glycerol (Cambridge Isotope Laboratories). A sample of selectively 13 C/ 15 N-Phe-labelled CXCR1 was also prepared. After cell lysis, the GST-CXCR1-His 6 fusion protein was bound to Ni-NTA resin. CXCR1 was separated from GST by incubation with thrombin and then purified and refolded in DMPC proteoliposomes by detergent dialysis 22, 23, 31 . The resulting proteoliposomes were suspended in buffer, isolated by ultracentrifugation, and packed as a hydrated pellet into the MAS rotor. Detailed sample preparation methods are provided in Supplementary Information. Ligand binding and G-protein activation. To assay IL-8 ligand binding, CXCR1 proteoliposomes were incubated with varying concentrations of 125 I-labelled and unlabelled IL-8, and bound IL-8 was determined by measuring radioactivity in a scintillation counter after removing any free IL-8 ligand 22, 31 (Supplementary Fig.  1a ). To assay G-protein activation, CXCR1 proteoliposomes were reconstituted with G i/o protein trimer, and used to measure 35 S-GTPcS binding as a function of agonist IL-8 concentration 22, 31 (Supplementary Fig. 1b ). Refolded CXCR1 binds IL-8 (K d < 1-5 nM) and activates G proteins in a ligand-dependent manner (EC 50 < 1 nM), with affinities similar to those reported in the literature 1, 32 . NMR spectroscopy. NMR experiments, experimental parameters and measurements of restraints are described in Supplementary Information, including Supplementary Table 2 . 13 C-chemical shifts were externally referenced to DSS by setting the adamantane methylene carbons to a 13 C-chemical shift frequency of 40.5 p.p.m.; 15 N-chemical shifts were externally referenced to liquid ammonia by setting the ammonium sulphate nitrogen to 26.8 p.p.m. (refs 33, 34) . Fast rotational diffusion (.10 5 Hz) of the protein was verified by analysis of 13 CO powder pattern line shapes 35 . Sample integrity was ascertained by monitoring one-and two-dimensional spectra.
Resonances from residues 20-325 of CXCR1 were all assigned, except for those corresponding to seven Pro residues (Pro 22, Pro 93, Pro 170, Pro 180, Pro 185, Pro 214 and Pro 257) and one Arg (Arg 285). Two disulphide bonds (Cys 30-Cys 277 and Cys 110-Cys 187) were determined from the characteristic Cb and Ca chemical shifts that reflect the oxidation states of Cys sites 36 . Backbone dihedral angle (w, y) restraints were derived from the experimentally measured isotropic chemical shifts using CS-Rosetta 20 and TALOS 37, 38 . Values of the experimental 1 H-15 N DC and 1 H- 13 Ca DC used in the structure calculations were measured from the perpendicular edge frequencies of the respective rotationally averaged powder patterns. For each DC value, the perpendicular edge frequency was multiplied by four to obtain the frequency of dipolar splitting between the parallel edges of the Pake doublet. In most measurements, the sign of the 1 H-15 N DC value could be determined unambiguously 39 . In cases in which this was not possible, and for all of the 1 H- 13 Ca DC data, the DC restraints were implemented as absolute values in the structure calculations. Structure calculations. Structure calculations were performed in three stages using the programs: CS-Rosetta 20 ; Rosetta 19, 21 (including both the coarse-grained and all-atom potentials 19 as well as the implicit membrane potential 21 available in Rosetta version 3.2); and Xplor-NIH 26 .
In the first stage, we used CS-Rosetta together with the amino acid sequence of CXCR1 and the assigned isotropic chemical shifts from Ca, Cb, CO and N protein sites to generate a molecular fragment database, containing 67,784 nine-residue fragments and 69,204 three-residue fragments.
In the second stage, we used the resulting molecular fragment database, together with the experimental DC restraints and the structure of rhodopsin (PDB accession 1F88) 25 as topology template, to fold 20,000 structural models with the coarsegrained and implicit membrane potentials of Rosetta. These coarse-grained structural models were evaluated according to their Rosetta energy and backbone Ca r.m.s.d. to the lowest energy structure. The 1,000 lowest energy models were selected for further refinement using the all-atom energy function and implicit membrane environment of Rosetta, together with the experimental DC restraints, and the experimentally determined disulphide bond restraints. The Rosetta allatom relax protocol was implemented for 10 cycles with an increasing 1 H-15 N DC restraint weighting factor ramped from 1 to 3 kcal mol 21 kHz 22 . The lowest energy structure was selected for further refinement in the next stage. Convergence of the Rosetta calculations is shown in Supplementary Fig. 11 .
In the third and final stage, structure refinement was performed using a simulated annealing protocol with Xplor-NIH internal variable molecular dynamics 40 and all the experimental NMR restraints. During simulated annealing, the temperature was lowered from 500 K to 50 K. Experimentally determined disulphide bonds were included by explicit definition in the molecular structure file of CXCR1. Backbone dihedral angles were imposed with a range of 62u for helices and 630u for loops, and a fixed force constant (1,000 kcal mol 21 rad 22 ). 1 H-15 N DC restraints were imposed with a range of 62 kHz and a ramped force constant (0.1-2.5 kcal mol 21 kHz 22 ). 1 H- 13 Ca DC restraints were imposed with a range of 64 kHz and a ramped force constant (0.05-1.25 kcal mol 21 kHz 22 ). The protocol also included a potential for knowledge-based torsion angles 41 implemented with a dimensionless force constant (0.2), a potential for the radius of gyration 42 implemented for residues 28-325 with a fixed force constant (10 kcal mol 21 Å 22 ), plus energy terms to enforce covalent geometry and prevent atomic overlap 43 .
The magnitude and symmetry of the molecular alignment tensor were fixed, with values of the axial alignment and rhombicity parameters set to 10.52 and 0 kHz, respectively, as expected for a membrane protein in phospholipid bilayers with an order parameter of 1.0 and an amide NH bond length of 1.05 Å . The 1 H- 13 Ca DC alignment tensor was normalized to the maximum value of the 1 H-15 N DC. A total of 100 structures were calculated and the 10 lowest energy structures were selected as the structural ensemble for analysis ( Fig. 1e and Supplementary  Table 1 ). Ramachandran plot statistics were evaluated with the program PROCHECK 44 . Molecular structures were analysed and visualized with Pymol 45 . r.m.s.d. and R factors, reflecting correlations between experimentally observed values of the restraints and values calculated from the refined structure, were estimated as described 46 .
